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A flexible polymer substrate, particularly 
useful for -edical or food packaging applications, 
defines a surface that carries a thin film. The surface 
and thin film together have a permeability to oxygen gas 
that is less than about 0.1 oa/100i»W ~ 
film has a thickness less than about 1000 A. The thin 
film includes a substantially inorganic silicon oxide. 
The film is deposited in a previously evacuated chamber 
by glow discharge from a gas stream that includes a 
volatilized organosilicon component, an oxygen 
component, and an inert gas component. 



IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 
APPMCATION FOR PATENT 

SJL ISPJS "*™ bas ed THTN ZHfl VfiPPR B&B&IEBS 

Inventor: John T. Felts 

Field of »h» invention 

The present invention relates to the deposi- 
tion of silicon oxide based films, and more particularly 
to the plasma enhanced deposition of silicon oxide based 
thin films on substrates providing gas transmission 
barriers and useful for packaging applications. 

Backgroun d of the Tnventjon 

Plasma polymerization has been a known 
technique to form films on various substrates. For 
example, mixtures of silane with or without oxygen, 
nitrous oxide or ammonia have been plasma polymerized to 
form silicon oxide films. However, silane has a 
repulsive odor, can be irritating to the respiratory 
tract and is pyrophoric and corrosive. 

Some attention turned from silane to the 
deposition of organosilicon films from plasmas. Sharma 
and Yasuda, Ship Solid. HO. pages 171-184 (1983) 

reviewed the preparation of films from several organo- 
silicon compounds in which silicon based polymers were 
deposited and described the plasma polymerization of 
tetramethyldisiloxane by a magnetron glow discharge with 
the addition of oxygen gas. The films so formed were 
reduced in carbon to silicon ratio with respect to the 
organosilicon starting material, but still retained a 
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significant amount of carbon. However, the incorpora- 
tion of oxygen in the feed mixture, despite silicon 
enrichment of the film, resulted in poor polymer 
adhesion. 

Sacher et al., U.S. Patent Ho. 4,557,946, 
issued December 10, 1985 describes use of plasma 
polymerized coatings from organosilicon compounds to 
form a moisture barrier on the substrate by heating the 
substrate and controlling the plasma power level. 
Wertheimer et al., U.S. Patent No. 4,599,678, issued 
July 8, 1986, discloses use of an organosilicon in a 
glow discharge to coat thin film capacitors when these 
substrates are heated to a temperature in excess of 50 
c. 

in general, the films formed from organo- 
silicons have typically been formed at a relatively low 
deposition rate (as compared with, for example, 
sputtering) , have tended to be soft, and often have been 
hazy. The requirement that the substrate be heated, as 
in Sacher et al. and Wertheimer et al., is also disad- 
vantageous for some substrates. 

A further problem with use of organosilicon 
compounds in plasma enhanced deposition has been the 
variation in polymerization conditions and lack of 
, control during the deposition. The traditional method 
used to control plasma processes has been the use of 
power, pressure and flow to monitor and attempt to 
control the process. However, these three variables 
represent inputs and do not accordingly control the thxn 
> films being produced. As a consequence, the scale-up of 
such a process is extremely complex. 

Films with reduced permeability to vapors such 
as water, oxygen, and carbon dioxide are useful for a 
variety of applications, one of which is to package 
5 foods. Such films are typically composites of 
materials. For example, one layer is often a flexible 
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polymer, such as a polyethylene or polypropylene while 
„oL layer is coated on or coextruded with the one 
layer and serves as a barrier layer. Barrier layers ^can 
generally be viewed as substantially organic based or 
substantially inorganic based. 

inorganic barrier coatings typically are 
advantageously inert. These inorganic coatings can be 
produced as thin layers in vacuum deposition chambers. 
For example, U.S. Patent 3,442,686, issued May 6 1969, 
inventor Jones, describes a packaging film composite xn 
which silicon oxide coatings in the range of 0.2 to 2 
microns are produced by electron beam evaporation of 
silicon monoxide in a vacuum chamber. The P»*«*~ 
describes these inorganic coatings as substantially 
continuous. More recently, U.S. Patent <^,963, 
issued October 27, 1987, inventors Phillips et al., 
describes flexible polymer packaging films having thin 
films of inorganic coatings. The inorganic coatings are 
silicon dioxide or monoxide in which at least chromium, 
tantalum, nickel, molybdenum, or oxides of these 
materials are co-deposited and are said to serve as an 
adhesion layer and assist in lower gas and vapor permea- 
bility Layer thickness of 1000 A and 2500 A are 
exemplified and produced in a roll coating machine with 
> vacuum deposition chambers. 

However, the barrier coatings described by 
U S Patent 3,442,686 have oxygen transmission rate 
properties on the order of about 0.2 cc/lOOin /day and 
water vapor transmission rate properties on the order of 
0 about 0.2 g /100inVday. The packaging films exemplified 
by u S. Patent 4,702,963 have somewhat better barrxer 
properties, but are on the order of having oxygen 
transmission rate properties of about 0.17 cc/lOOxn /day 
and water vapor transmission rates of about 0.07 
> 5 g /10 0inVday. These values are still higher than could 
be desired since there are many applications in the 
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medical fields where the material 

sbility to recycle, with toxicity, end with costs. 

^^^e X i= a general schematic diagram 
iXiu.tr.tin, e syste. useful in practicing to. 

pre s.nt invention^ lllustra tes_ a^sid. 
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Figure 2 schematxcaxxy — 

sectional view of the plasma deposition chafer and it. 
a equipment; 

Figure 3 
of plasma; 
Figures 4 A 



secxion<*-i. vj.^- — 

es.oci.ted equipment,^ ^ o£ tte 



Figure 

ssission ^ <b m4 <c illurtrat . the ^ing 
o£ component^ e molecule o £ a gas used in an example 

illustrate the electron .n. W distribution in an 
exa.pl. Pla.»a^ ^ ^ ^ . xa]ipl . ^ le vel diagram 

for a sinqle species in a plasma; 

Figure 7 is a flow diagram for a computer 
pro-am that controls plass. process input variables in 
response to the measured plasma spectra; 

Figures 8A and SB illustrate the use cf a 

balanced magnetron in the system of Figure 2, 
balanced g» ^ ^ ^ thG US e of an 

unbalanced magnetron in the system of Flgur. ,2, , »d 

Figure 10 illustrates an alternative 
connection to a magnetron in the system of Fi,u» 2 
wherein the electric field is produced by 
frequency generator. 
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af the Tnvention 

It is an object of the invention to repro- 
ducibly deposit adherent, hard silicon oxide based thin 
films at commercially feasible deposition rates on small 
5 or large substrates, preferably with preselected gas 
barrier properties. 

in one aspect of the invention, a method of 
depositing an adherent, silicon oxide based 
comprises providing a gas stream with at least three 
10 components, establishing a glow discharge plasma derived 
from the gas stream, or one of its components in a 
previously evacuated chamber with a flexible substrate 
removably positioned in the plasma, and controllably 
flowing the gas stream into the plasma to deposit a 
15 silicon oxide fil. having a predetermined thickness, 
preferably less than about 1000 A for th n. .flexible 
substrates, onto the substrate when positioned in the 
^sma. A pressure less than about 0.1 Torr is 
maintained during the depositing. The gas stream 
20 includes a volatilized organosilicon compound, oxygen, 
and an inert gas such as helium or argon. 

The gas stream is controllably flowed into the 
plasma by volatilizing the organosilicon exterior to the 
chamber and admixing metered amounts with oxygen and the 
25 inert gas. The control of flowing gas stream into the 
plasma preferably includes adjusting the amounts of 
components in the gas stream during the deposition in 
response to monitored values of hydrogen (alpha) to 
inert gas emission lines and electron temperature in the 
30 plasma. The flowing control also includes depositing 
the silicon oxide layer having a predetermined 

thlCkneSS * Films of the invention can be controllably 
deposited on a variety of large or small substrates for 
35 applications in which a substantially inert film 
providing good gas transmission barrier properties xs 
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desired. It hes been discovered met gas transmission 
properties are a function of film thickness end 
surprising nave an optimal range of thickness ,jo 
provide the maximal barrier properties, with both 
s thicker and thinner film, outside the optimal range 
having lass desirable barrier properties. 

in another aspect of the present invention, an 
article of the invention comprises a flexible, polymer 
substrate defining a surface and a thin f iln carried by 
LO the surfece. The polymer surface and a thin film 
Together have a permeability to oxygen gas that 
than about 0.1 c=/100lnVday and the thin film has a 
Sickness less than about 1000 A, more preferably less 
.bout eoo A, most preferably the thin film ha. a 
15 thickness between about 100 A to about 400 A and the 
TatS surface ha. an oxygen permeability of less than 
Ibout 0.04 cc/100inV=ay. such article, ere useful 
^.re inert, flexible packaging, with excellent vapor 
:„/,.. barrier propertie. ere r.guired, such a. for 
i0 serul and blood bag. in medical application, and for 
food packaging of very oxygen-sensitive foods. 

c a ama ^-tntmn of tm prefrrM T»b°<Hi»snt3 

The p rese „t invention provides a method of 
depositing silicon oxide based film, that are hard 
25 adherent, substsntially Inorganic and have 

barrier properties. Such film, have been deposited in 
accordance with the invention on a variety * 
(flexible and rigid) and preferably have film thick 
Teee. less than about 1000 A for flexible substrates. 
30 By -flexible substrates- i. generally meant those less 
than about 10 mils thick. The very thin film, provide 
~od vapor barrier properties and although thicker films 
I^be Stained, such are not normally desired for vapor 
barrier applications on flexible sub.tr.tes. 
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by invention -» - — ^ ^ibl. plaetlcs 

application. Por „ ^carbonate 

suoh.-poay.tbyi^t.rephth^.t. tPW^ ^ coatea 

5 ( p« realne. « °^ en ' 

ta accordance »lth the i"™" lon . although 

carbon dioxide or « oist ™ r ' !*. wlll M up .to about 
passes o t xl.xlbl. ^ 0 .i . x .11 

10 nils, tha thicknesses ara usuelly 

10 tor food packing h „ » or ,.noelllcon 

Although th. proca. ^ £ilM are 

compound as a by bonding analy- 

substantlally inorganic » J* 1 *™^ ln Mtur . My bo 
sl .. Hovavar. ^^Xoribad harainattar. 

15 prepared « desired ^"^.nic .Ul» oxide baaed 
Tha typloal. substantially I" * mvantion ara 

deposited 0 'crossllnKlng <datar- 

char.cterisad by a high degree troscopy , or 

„ln.d by Fourier transform infrara 

20 Ptl»)- is conducted in a 

Th. inventive »eth alsoharg a Iron a 

previouely '^lea^ three components: a 

g as etraam ^o^, an oxygen component 

volatillaed organoailicon co p natlon o£ C xygen 

S5 and en inert gas^ -J^^ Mltb ... volatilised 
component and Inert gea co _ po ^ 
or ,„,.iUcon c ^ OM " t ro '^ y b o e f e thln films. 

— Tn^- — - 

„ combined only <~ ~£ * had a 

only with an inert J» (st andard teat 

hardness measured by the « only , or 3 . 

M thod for film hardness, wlth th . invention 
Bycontreat, f il^e ln^°rd ^ ^ ^ ^ , + _ 

35 h .ve hardnesses by this ^ o£ „ t „ 10 
Xha numbers reported are oe 
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where 0 means the least scratch resistance, while 10 
»eans there was no damage to the coating when abraded in 
accordance with ASTH D3363-74. Accordingly, thin films 
prepared in accordance with the invention are typically 
, harder by a factor of 2 or 3 with respect to films 
deposited with the volatilized organosilicon component 
in combination with either oxygen or inert gas. 

suitable organosilicon compounds for the gas 
stream are liquid at about ambient temperature i and when 
> volatilized have a boiling point above about ambxent 
temperature and include methylsilane, dimethylsilane, 
trimethylsilane, diethylsilane, propylsilane, phenyl- 
silane, hexamethyldisilane, 

disilane, bis(trimethylsilyl) methane, bis(dx»ethyl 
5 silyl) methane, hexamethyldisiloxane, vinyl trimethoxy 
silane, vinyl triethoxy silane, ethylmethoxy silane, 
ethyltrimethoxy silane, divinyltetramethyldisiloxane 
divinylhexamethyltrisiloxane, and trivinylpenta- 
methyl-trisiloxane . 

Among the preferred organosil icons are 
l,l,3,3-tetra»ethyldisiloxane, hexamethyldisiloxane, 
vinyltrimethylsilane, methyltrimethoxy silane, vinyltri- 
»ethoxysilane and hexamethyldisilazane. These Preferred 
organosilicon compounds have boiling points of 71 C, 
25 ioI« C, 55.5° C, 10 2 " C, 12 3 o Cf and 127 o c , re spectxvely • 
The volatilized organosilicon component is 
preferably admixed with the oxygen component and the 
Inert gas component before being flowed into the 
chamber. The quantities of these gases being so admixed 
30 are controlled by flow controllers so as to adjustably 
control the flow rate ratio of the gas stream 
components. 

The organosilicon compound and oxygen of the 
gas stream during the depositing may be, for example, in 
35 a flow rate ratio of about 1.7:1 and the inert gas of 
the gas stream preferably is helium or argon, more 
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preferably i. bell— «— — inert 9 " ta "'"^ " 
Irgon, then . suitable flow ret. ratio of org.no.ilicon 
compound, oxygen and inert gas ie ; 
Other flow rat. ratios may be nssd. however, if 

desirable. ... _ 

in addition to the necessary organosilicon, 
oxygen and inert gas in the ,.. stream, minor amounts 
<n£ greater than about 1=1 with respect to the organo- 
siUcon. more preferably about 0.4 to 0.1=1 with^ respect 
to the organosilioon) of on. or more additional 
compounds in gaseous for. may h. included for particular 
desired properties, for example, inclusion of a lower 
h ydrocarb=n such a. propylene improves many fr.gu.ntly 
desired properties of th. deposited films (except for 
light transmission,, and bonding analysis indicates th. 
film to b. silicon dioxid. in nature, use of methane or 
acetylene, however, produces films that are silicone in 
"cure. The inclusion of . minor amount of gaseous 
nitrogen to the gas stream increase, the =*P°^"°" 
rate, improves the transmission and reflection optical 
Properties on glass, and varies the index of refraction 
In response to varied amounts of H,. The addition of 
nitrous oxide to the gas stream increases the deposition 
rat. and improves th. optical properties, but tends to 
25 decrease the film hardnese. » particularly preferred 
gas etreem composition has 20 to 40 SCCH organosilico^ 
20 to 40 SCO. O,. 40 to 60 SCO. He, 1 to 10 SCCM 
propylene end 5 to 20 SCCM N 2 . 

in practice of the inventive method, a glow 
30 diecharg. plasma is established in the previously 
„tld chamber. This pla*»a is derived from one or 
.ore of the gas stream components, and preferably is 
derived from the gas stream itself. The 
strata is positioned in the plasma, P« £ «»"* 
35 the confined plasma, and the gas stream 

flowed into th. Plasma. Th. substrate is preferably 
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conveyed into and out of the plasma adjacent the 
confined plasma for a sufficient number of passes to 
obtain the desired film thickness. 

The inventive method is preferably practiced 
at relatively high power and quite low pressure. Thus, 
for example, most of the films have been prepared at 
about 1,000 watts (40 kHz), although films have been 
prepared at 375 watts (13.56 MHz), and some at 300 
watts, direct current. A pressure less than about 100 
microns (0.1 Torr) should be maintained during the 
deposition, and preferably the chamber is at a pressure 
between about 8 to 40 microns during the deposition of 
film. 

The substrate is electrically isolated from 
the system (except for "electrical" contact when in the 
plasma) and is at a temperature of less than about 80 
C during the depositing. That is, the substrate is not 
deliberately heated. 

The flow control is selective for desired film 
properties, and preferably is by a diagnostics method 
that includes monitoring a ratio of a hydrogen (alpha) 
to inert gas emission lines and an electron temperature 
in the plasma. The general vacuum system in which the 
inventive method may be practiced and the preferred 
> diagnostics method will now be more fully described. 

Gejierai_Sy-StSm 

Referring initially to Figure 1, a system is 
schematically illustrated that includes an enclosed 
reaction chamber 11 in which a plasma is formed and in 

0 which a substrate, such as substrate 13, is placed for 
depositing a thin film of material on it. The substrate 
13 can be any vacuum compatible material, such as metal, 
glass, plastics and other coated substrates. One or 
fflore gases are supplied to the reaction chamber by a gas 

,5 supply system 15. An electric field is created by a 
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power supply 17, and a low pressure is maintained by a 
p , , Q optical emission 

pressure control system 19. An opt* 
spectrometer 21 is connected through an optical fiber 
light transmission medium 23 to the reaction chamber in 
some appropriate manner to couple the visible an near 
visible (especially the ultraviolet range) emission of 
the plasma to the spectrometer. A quartz window 24 in 
a side wall of the reaction chamber can be . used to 
optically couple the plasma emission with the external 
fiber medium 23. A general system control 25, including 
a computer control portion, is connected to each of the 
other components of the system in a manner to receive 
status information from them and send controlling 
commands to them. 

The reaction chamber 11 can, in the system of 
Figure 1, be of an appropriate type to perform any of 
^plasma-enhanced chemical vapor deposition (PECVD, or 
plasma polymerization processes. A more detaxled 
explanation of certain components of the system of 
Figure 1 is given with respect to Figure 2, an example 
of the PECVD or plasma polymerization process being 
given. The reaction chamber 11 is divided into a load 
lock compartment 27 and a process compartment 29 by an 
isolation gate valve 31. The pressure control system 19 
includes a mechanical pump 33 connected to the load lock 
chamber 27 by a valve 35. The pressure control system 
also includes diffusion pumps 37 and 39, and an 
associated mechanical pump 41. The diffusxon pump 37 xs 
connected to the load locX chamber 27 through a „ 
, isolation gate valve 43 and an adjustable baffle 45 
Similarly, the diffusion pump 39 is connected to the 
process chamber 29 through an isolation gate valve 47 
and an adjustable baffle 49. The baffle 49 is 
controlled by the system control 25, while a coating 
5 process is being carried out, in order to maxntain the 
internal pressure at a desired value. 
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A substrate to be coated is first loaded into 
the load lock compartment 27 with the valve 31 closed. 
The mechanical pump 33 then reduces the pressure most of 
the way to the high vacuum region. The diffusion pump 
37 is then operated to reduce the pressure further, to 
about 5 x 10** Torr. The operating pressure is typxcally 
in the neighborhood of 30 microns for a PECVD or plasma 
polymerization process and is achieved by flowing the 
process gases into the reaction chamber and throttling 
diffusion pump 39 using baffle 49. During loading and 
unloading operations, the diffusion pump 39 maintaxns 
the deposition chamber 29 at the operating pressure. 
Once the load lock chamber 27 is reduced to base 
pressure, the valve 31 is opened and the substrate 13 
moved into the deposition chamber 29. 

Provision is made for moving the substrate 13 
back and forth through a region 51 where a plasma is 
formed. In the example system being described, this is 
accomplished by a plurality of rollers 53, preferably 
made of aluminum with substrate supporting, electrically 
insulated O-ring spacers. The rollers or similar 
material are driven by a motor source (not shown) to 
rotate about their axes at controllable speeds and thus 
move the substrate 13. During deposition the substrate 
13 can be passed back and forth through the plasma 51 a 
number of times in order that the thin film deposited on 
the top of the substrate 13 has a desired uniform 
thickness. Alternatively and more preferably, a roll 
coating apparatus can be used so a one-pass coating with 
reproducible thickness is achieved. 

A magnetron is positioned within the chamber 
29 formed of a magnetic structure 55 and a cathode 57. 
The power supply 17 has its output connected between the 
cathode 57 and a metallic body of the reaction chamber 
5 29. The magnetron creates an appropriate combination of 
magnetic and electrical fields in the region 51 in order 
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introduced Into the reaction chamber ». The .uoetret. 
13 is maintained eleotricalXy isolated and is passed 
directly through the plasma region 51. 

The gaseous components necessary for the 
piasma to form in the region 51 are introduced into the 
deposition chamber 29 by a conduit 59. A tube <not 
shown) having a plurality of gas supply nozzle s along 
its length is positioned across the width of the Rasher 
29 ,in a direction into the paper of Figure 2) at the 
position where the conduit 59 enters the chamber. That 
L. flows within the deposition chafer 29 fro™ the 
supply tuhe to the diffusion pump 39. as shown in dotted 
outline in Figure 2. It was found preferable to 
introduce the gas on the side of the plasma region 51 
that is closest to the pump 39. However, more than one 
oiffusion pump 39 can be utilised with gas introduction 
being substantially equidistant from the pumps A pair 
of baffles ex and 63 on either side of the magnetron ^can 
, h el P to confine the g.s flow to the plasma region .»x. 

A particular gas supply system 15 that is 
connected to the conduit 59 depends, of course, on how 
ma ny gases are being combined and their natur. In the 
two separate sources 65 and 67 or 



example of Figure 2, two separate source- ~ ~~ 
£Z under high pressure are utilized, fewer 

additional such gas sources being necessary for o 

^cesses. Also, in this particular exampl ouroe 



69 of a liguid material to be vaporized is provided. A 
vaporizing apparatus 71 (that also controls flow) 
provides the desired flow of vapor into the input 
conduit 59. in accordance with a control signal from the 
system control 25. Similarly, the high pressure gases 
65 and 67 are delivered through individually controlled 
£1 ow meters 73 and 75, respectively. An »p««nt 
control of the plasma 51, and thus of the resulting film 
deposited on the substrate 13, is provided by the 
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ability to adjust the proportions of 

tzsLt «.,t u now ing ~ * h %f o t e : e :r 3 » s 

into too deposition chamber 29. The flow meters 73 ana 
ranTvaporUin, apparatus 71 each ™1Z 
5 "ntrol 25 with an eleetrioal signal proportional to the 
floTrate of gas through it, and also responds to a 
signal from the system oontrol 2S to adjust and oontrol 
that flow rate. ; 

n-^J— syst e» and prooedures to 
10 b e described In this seotion is to adapt the system 
resort with respeot to Pigures 1 and 2 for « -in a 
continuous. commercielly feasible process tha repeat 
ahly produces thin films having unifor. =^» >a 
A specific example of such a system as 

« 67 are oxygen and helium, 

veil to substrates. The diagnoses and control 

sr.: 

gaseous - ^ ^ m exM , ple optical eaxssron 

spectrum obtained by the spectrometer 21 of Figure 1 
I nlasna formed in the process chamber 29 from such 
"Ration of gases. The intensities of toree strong 
emission lines are measured and used to diagnose the 
cnaracteristtc of the plasma and then to make any 
X. tents to the relative proportion of the gaseous 
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constituents that are required to maintain the plasma in 
a desired condition. These lines are the hydrogen alpha 
line 81, at about 657.1 nanometers wavelength, the 
hydrogen beta line 83, at about 486.1 nanometers wave- 
length, and a helium emission line 85. at about 501.8 
nanometers wavelength. Since these three emission peaks 
are very strong relative to the intensity , of the 
surrounding portion of the spectra, and are very narrow 
in bandwidth, the spectrometer 21 need have a resolution 
capability of only 1 nanometer, which is well within the 
resolving power of commercially available instruments. 

in order to eliminate the effects of unknown 
variables and undesired optical signal noise, ratios of 
these intensity levels are utilized to diagnose the 
plasma and control the process. In this example, the 
ratio of the intensity of the hydrogen alpha line 81 to 
the intensity of the helium line 85 is used to control 
the rate of flow of the silicon source material vapor 
through the vaporizing apparatus 71. When that ratio 
exceeds a reference value, the computer control system 
25 causes the vaporizing apparatus 71 to decrease the 
rate of flow of the silicon material vapor, without 
affecting the flow rates of the other gases. Also if 
that ratio falls below the reference value, the 
> vaporizing apparatus 71 is opened to increase the flow 
of the silicon source material vapor. 

A second ratio that is utilized is of the 
intensities of two emission lines of a single atomic or 
molecular species in the plasma. In this specific 
0 example, the intensities of the hydrogen alpha line 81 
and the hydrogen beta line 83 are used. As explained 
below, this ratio is proportional to the average 
electron energy (average electron temperature T e ) of the 
plasma. If this ratio, or the T e calculated from it, 
,5 exceeds a reference value, the computer control 25 
causes the flow meter 73 to increase the flow of oxygen 
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without affecting the rate of flow of the silicon source 
vapor or helium. If the intensity ratio, or the T e 
calculated from it, falls below a reference value, the 
rate of oxygen flow is caused to decrease. A higher 
proportion of oxygen is believed to cause the average 
electron energy to decrease by combination with atomic 
hydrogen which is a primary source of electrons in this 
gaseous mixture. 

The nature of our example plasma will now be 
explored, and the relationship . of the emission line 
intensity ratios to it will be explained. Figure 4 A 
illustrates a molecule of the silicon source vapor. It 
is desired that the portion Si-O-Si be deposited on the 
substrate. As noted in Figure 4A, the bond energy 
between the silicon and oxygen atoms is significantly 
higher than the other bonds in the molecule. That bond 
strength is 8.31 electron volts. The bond between the 
silicon atom and the methyl group CH 3 is 4.53 electron 
volts. Figure 4B shows the methyl group with a 
carbon/hydrogen bond of 3.51 electron volts. Therefore, 
in a plasma having a distribution of high energy 
electrons colliding with the silicon source molecules, 
there is a high probability that a collision of an 
electron with the molecule will cause a methyl group or 
; hydrogen to be fractured away from the rest of the 
molecule without affecting the Si-O-Si component. The 
oxygen introduced into the plasma is believed to combine 
with the hydrogen and the carbon to form various gas and 
vapor compounds that are exhausted out of the deposition 
3 chamber 29 through the diffusion pump 39. This is 
another benefit of the oxygen component of the plasma 
gas. in this example, it is desired to minimize, or 
completely eliminate, any carbon from the deposited 
film. An inorganic thin film is the goal. 
5 A theoretical Maxwell ian distribution of the 

energies of a population of electrons in the plasma is 
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given in Figure 5. A eoiid curve 87 shows one such 
Ltribution. -me electron popul.tion represented by 
turve 87 hee en overage energy T.. .hen the popul.txon 
^electrons have . higher energy, the distribution of 
energies shifts, such «s shown by the dotted curve .8. 
Zt retains its basic shape, si.ii.rly, if the overall 
energy of a population of electrons decrees.*, the curve 
ZZ to .lower position, such .. indicted by the 
alternate curv.^1. ^ ^ ^ g ^ ^ 
position for the electron energy distribution curve is 
Lore the density of electrons with energy " 
break the Sl-C bond is .uch greater than the density of 
electrons having an energy great enough " undesirably 
15 break the Si-0 bond. It can be seen fro. the shape of 
the curves of Figure 8 that this does indeed occur, 
keeping in .ind that the v.rtical electron density scale 
is * log.rith.ic one. Indeed, it hes been found that 
So distribution represented by the ^» »~ " ^ 
„ approximately opting in the exa.ple being described, a 
T. of slightly over 1.0 being desired. 

It will also be noted fro. Figure 5 that the 
three emission lines discussed with respect 
are else represented. The hydrogen alpha line 83 is 
25 positioned at about 1* electron volts, the hydrogen bet. 
line 85 at .bout 12.7 electron volts, .nd the helxu. 
line 87 .t about 23 el.ctron volts. These energies 
represent that which the hydrogen or heliu. ato. .ust 
absorb fro. . collision with a free electron in order to 
,0 Tit the .onitored wavelength of radiation when the ato. 
relaxes fro. its excited state. 

Figure 6 shows an energy diagra. fro. the 
hydrogen ato. that shows this. A collision with an 
electLn of .or. than 12.07 electron volts can cause the 
35 .to. to beco.. .xcited with its electron being .oved 
fro. a ground energy guantu. level n-0 to . h^her 
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enerw quantum l.v.l «»en that excited electron 

falls tfth. next lover energy quantum lava! n-2 the 
hvdrcan alpha wavelength line photon ia emitted. 
slmlHrly, la hydrogen bat. wavelength line photon is 
.lilted «h.„ en excited hydrogen atom having collided 
,1th an electron of energy greater then 12.72 electron 
volte relaxes from its excited state, n-4 energy quantum 
level back to the n-2 enerw quantum level. M a 
result the intensities of th... hydrogen esisslon Unas 
is related to the density or electron, in the plasma 
navlng those energy levels. Ihe ratio o t th. intensi- 
ties of these hydrogen emission line, then provides a 
ratio of the. d.nsiti.s. This allows 
electron d.nsity curve to effective* be fit t those 
t „o points, from which the average electron temperature 
T may be determined. 

However, the high .n^ "tail" <* «« 

, Is suitable for defining th. rest of the curve .inc. the 
tiectron densities repr.s.nt.d by it — 
l.v.l. in th. main part of th. .nergy distribution 
I* the density distribution at higher energy 



curve. But the density "-"-=>"^ 

Z els oen at f JeffectV.^ 

" cCltng. ^.-0"": "psrate measurement st a high 
coupling performed. In this example, a 

S 1^ of^emfsslon^s chosen, and that is ratioed 
with", of th. hydrogen lines, preferably the hydrogen 
, * line as a reference. This desired ratio is 
" lefermin^ in edvance of a deposition process, with the 
r«d ratio being compared to that standard and any 
.djustments necessary being mad. in real time. 

A quantity of high energy electrons, repre- 
„ . '►». "t-.il" of the curve of Figure 5, is 
" ;rr d elly d^rar for 1 directly impinging upon the 
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substrate since it ie Known that this improves the 
hardness of the resulting deposited film thresh > 
higher degree of film cross-linKing. Stress in the f ilm 
Jo decreases, resulting in brtter adhesion of the film 
5 to the substrate. A low ratio in the plasma emission of 
t^e hydrogen alpha line intensity to that of helium 
predicts these beneficial results. 

use of the helium emission line in forming 
this second ratio is also advantageous since helium is 
l0 Inert. The ,a. does not combine with other ,» 
10 founts of' the plasma. Any *° V'linTinTe 
advantage, as well as providing an emission line in the 
■tail" portion of the curve. An inert gas is used in 
this example primarily for facilitating an initial 
15 source of electrons when the plasma ie initiated by 
establishing the electric field. But it has this 
additional diagnostic use, as well. 

Once it is determined from the measured 
intensities and ratios that the electron 
20 hutlon curve of Figure 5 needs to be »»«adror a 
process being performed, it can be done in any of a 
number of ways, increasing the excitation fregucncy of 
the power supply X7 tends to increase the «™~~™ 
of the electrons, at least up to a point where the 
25 electrons can no longer follow the rapidly changing 
electric field. The power of the supply 17 may affect 
the electron energy distribution, depending upon the 
Precise geometry of the deposition chamber, an increase 
in power increasing the electrical energy. Another 
30 variable that may be adiusted is the total gas flow 
which changes the residence time of molecules 
plasma and increases the chance of collision. The pres 
sure in the chamber 29 also affects molecular energy, 
within limits. The technigue used in this specific 
35 exampie, however, Keeps these variables at a constant 
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!.v.l and instead changes the ratio of the flow rate of 
the individual gases into the reaction chamber 2». 

The determination of average electron 
temperature T. from the ratio of the alpha and beta 
5 hydrogen emission line intensities is very 

oLers have suggested that the determination of electron 
temperature of a plasm, fro* its emission spectra Is 
very difficult, if not impossible. The mathematical 
relationships between electron temperature and the 
10 intensity of a particular emission line have long been 
10 £2 However! these mathematical relationship, also 
include additional unknowns such as molecular and 
llectron densities in the plasma. with so many 
Lcnowns. it is impossible to use these equations 
15 Erectly to accurately determine electron "mpe™ 
from an intensity of an emission line. However, xf the 
intensities of two such emission lines 
species within the plasma ar. ratioed, as is «>s «.e 
with the ratio of the hydrogen alpha and beta lines,. 
20 these other variables are mathematically canceled out 
and no longer affect the result. This calculation 
assumes . -cold" plasma, one where the average ion 
energy is very low when compared to the average electron 

25 e "" 9y - Peferrin, to Figure 7, a flow chart is 
provided of a controlling computer program that monitors 
the intensities of the three emission lines and maKe 
adjustments in the individual gaseous component flow 
rates as required to maintain the electron temperature 
30 distribution within acceptable limits. The process " 
Figure 7 can best be described as several functional 
modules. A first module 101 requires information of 
both the desired plasma parameters and those that 
actually exist. It is preferable to enter a deseed 
35 average electron temperature T. and then calculate what 
exists In the Plasma, as shown in Figure 7. since this 



peroits the nroo... operator to deal wit* 
quantities. However, .inc. T. is proportional to the 
Ttio of the hydrogen alpha end hydrogen beta emission 
lines, that ratio itself could more simply he 
, substituted in the flow diagram of Figure 7 where T 
appears. It would thsn be that line intensity ratio to 
which the process is adjusted. 

If the preferred T. i» maintained as a 
parameter in the system, * step 103 calculates that 
10 Entity. V.S. Patent Ho. 4,888,199, issued December 
Z 1989, inventors Felts and Lopata included an 
Appendix that provides source code in Basic language for 
an^PPleWintoSh computer to perform the two calcula- 
tions indicated in step 103. The computer program 
15 contains material in which a claim of copyright is made 
15 by The BOC Group, Xnc. , assignee of this ^f^™' 
which has no objection to the duplication of the said 
Appendix by photocopying and the like but reserves all 
other aspects of its copyright therein. 

once the actual and desired quantities are in 
the system, a next module 105 of the processing 
algorithm looks at the intensity ratio between the 
hydrogen alpha and the helium emission lines. A first 
step 107 compares the actual and desired ratios. If 
they are within range, then the processing component 105 
is omitted completely by jumping to a step 109 xn the 
next module 117. However, if the desired and actual 
ratios are not equal, a step 111 causes the vaporizing 
apparatus 71 to be adjusted to change the flow of 
silicon source vapor in a direction to move the compared 
ratios closer together. 

A step 113 of the module 105 checks to make 
sure that the calculated voltage is within the range of 
the vaporizing apparatus 71. If it is, the processing 
■ t proceeds to a step 109. If not, the process loop of 

Trademark 
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module 105 is performed again- If the second calcu- 
lation also results in a voltage that is not within the 
range of the vaporizing apparatus 71, then the 
processing is stopped and an error message displayed for 
5 the operator, as indicated at 115. 

Once the silicon source vapor flow rate is 
adjusted, the next module 117 of the processing adjusts 
the flow of oxygen to the plasma in response to compar- 
ing the desired and actual T,. If those quantities are 
10 equal within an acceptable tolerance, then the 
processing loops back to the beginning module 101 and 
performs the data acquisition and comparison functions 
once again, and then steps through the remainder of the 
program. This constant monitoring of the plasma 
15 characteristics allows real time control of the plasma 
for uniform film results and repeatability of film 
properties from substrate to substrate. 

The program module 117 operates quite 
similarly to that of 105. If the newly calculated 
20 voltage for the oxygen supply flow meter 

the range of that flow meter, as determined by the step 
119 the calculation is made once more in case some 
error occurred. If the voltage is not within the range 
the second time, the processing is stopped and an error 
25 message displayed. Assuming, however, that the new 
oxygen flow meter valve control voltage is within its 
range, the processing is looped back to the beginning 
module 101 and repeated until the processing modules 
101 105 and 117 have been performed for a total of four 
30 times. After the fourth time, and if the last calcula- 
tion loop resulted in a further adjustment to the oxygen 
flow meter, a next module 121 of processing is under- 
taken After four times through the silicon source and 
oxygen flow rate adjustments, it is concluded that some 
35 other adjustment must be made. Of course, the precise 
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number of processing oycles that are aUowed before 
going to the next calculation module 121 can vary. 

The module 121 also looks at T„ but in thrs 
case adjusts the helium gas flow to the plasma chafer. 
2 increase of the inert gas supply provide. *™ 
electrons, and a decrease in the gas fewer slectrons^ 
The same checlc on the celcul.ted voltage for the helium 
meter is made in the module 121 as in the modules 
„5 and 117. in step 122. once a proper " 
the helium flow is made, the processing again loops back 
To ^e beginning module 101 to start the cycle over 

a9al "' Of course, there are many variations in the 
details of the process being described that can be 
changed without sacrificing the advantages provided by 
Le basic emission line monitoring *-*^J**£ 
so implemented. The same techniques are used w.th ether 

9SMS ' Plasma input variables of power of the supply 
l7 and pressure within the chamber 2* are not , ^ 
- i„ the algorithm of Figure 7 as quantities that are 
tdC" automatically. It has been found ^isfactory 
to maintain those quantities fixed for at least a ^lerge 
processing batch. This is preferably accomplished by 
setting the control system 25 to the desired power and 
pressure. The control 25 is provided with standard 
capably of monitoring those quantities and adjusting 
Tern, if necessary to maintain the constant levels that 
have been set. 

0 Magns££gp Structures. . . er 29 

The magnetron used in the plasma chamber 29 
can be of a usual planar magnetron form, a 

vi ew of the magnet structure 55 is provided at 
35 vertical plane. in plan view, the structure of Fxgure 
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8 i. elongated in e direction normal to the plane of the 

PaPer ' The structure of figure 8A ie termed a 
balanced magnetron. Its magnetic lines of force 131 all 
, travel between on. of the outer south magnetic poles end 
. central north pole. As is well Known. — <*™» *"* 
ion. travel in a spiral around . magnetic force line and 
.long it, under influence of a combination of the 
.agnatic field force, and the electric iiel< .forces 
0 form.d by th. oathod. and the proc... cha»b.r metal 
JZ. Tno cathode 57 is generally made of titanium or 
quarts, but sputtering i. prevented from happening 
because of th. high.r pressure (that is, greater than 
the 1 to 5 microns of sputtering, used in the deposition 

" 6yBtOT ° £ balanced magnetron that alt.rn.tiv.ly can 
be utilised in th. syst.m of Figur. 2 is show, .in figur. 
» outside magnets 133 and 115 are arranged with . 
Tott iron core 137 middle. Only the south magnetic 
2 „ poles are positioned against a cathode 57-th. north 
pel. faces being oriented away from the cathode. The 
result is that a substentl.1 proportion of the magnetic 
"eld lines follow . much longer path in extending 
between the magnetic south and north pole regions, only 
J5 a™ proportion of the force lines extend directly 
" between tee outer south pole faces and th. ~ntral iron 
core piece. The result is a pattern of magnetic field 
lines! such as lines 13, of Figure 9A. which sr. 
airbed towards th. substrate 13, most of them substan- 
30 tlally perpendicular to its surface. The result is a 
beneficial bombardment by ions and electrons in the 
pU~ against the surface o^ , the^s r ate 3. Th i.U 
known to improve some properties of tne 
deoosited film, such as its hardness. Also, the 
35 deposition rL'has been found to be much better with an 
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unbalanced magnetron structure of Figure 9A rather than 
the balanced magnetron structure of Figure 8A. 

The balanced and unbalanced magnetrons have 
^eir relative magnetic field strength distribution 
5 across the cathode indicated by diagrams of Figures 8 B 
and 9B, respectively. As can be seen in Figure 8B th 
magnetic field strength in the center is twice the field 
strength of the outer poles. In the unbalanced 
magnetron case of Figure 9B, however, the center field 
l0 strength is very weak compared to the field strength of 
each of the outer magnetic poles. This difference in 
field strength distribution across the cathode results 
in the different distribution of the magnetic flux lines 

139. 

15 The magnetron structures of Figures 8A and 9A 

are suitable for low frequency operation of the power 
supply 17. An example frequency is 40 kH*. However, 
there can be some advantages from operating at a much 
higher frequency, such as in the radio frequency range 
20 of several megahertz Such a high frequency system is 
schematically illustrated in Figure 10. A magnetron 
magnetic assembly 55' • may be either of the balanced or 
unbalanced types described previously, the ^al-ced 
type being preferred. The cathode 57' • is in this case 
25 made of a non-conductive quartz material. A radio 
frequency generator 141 has its output coupled to the 
cathode 57- by a rod 143. An impedance matching 
network 145 is connected between the RF generator and 
the coupling rod 143 in order to minimize any 
30 reflections from impedance discontinuities at the 
cathode 57 • * . 

v, r r>riger P icture 

The preferred vaporizing apparatus for 
practicing the invention is described by U.S. Patent 
4 847,469, issued July 11, 1989, inventors Hofmann et 
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BxOTrt mental 
All depositions exemplified were conducted by 
5 general procedure now described end with •» Airco 

Solar Products I^-1«00 research coater with 
roll apparatus and two diffusion pimps. The chafer 
IntludZ load loo* -a. evacuated to '^ZTZ b 
not greater than about 3 x 10 ' Torr with the roll to be 
10 coet'ed located in the machine. Meanwhile, th^ vaporizer 
W as heated to a 

rrLrrtuTe'r^t r rz ~ 

vaporizing apparatus was set for the desired flow 
15 reading of organosllicon. The desired ,as flows of the 
ladttional component, were set, end the pressure in the 
chtnner was adjusted to the desired value by adjusting 
fizzle over L diffusion puep. After the pressure in 
: h b . a oh.»b.r stabilized, the P-r supply was turned on 

Assure wis again stabilized and adjusted if neces- 
sary The desired process conditions were selected 
™. current and volta,e of the power supply, the 

Xas- r 9 ion by neans of the roll coating apparatus for 
Se desired coating thickness while contznuzng to 
nonitor th e process conditions and ssKing approprxate 
35 laments according to the diagnostic nethod. once 

* 
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th e desired film thickness was obtained, the system was 
shut down and the coated substrate ^oved. 

The following abbreviations will be used: 
PET - polyethyleneterephthalate 
TMDSO - i r i,3, 3-tetramethyldisiloxane 
SCCM - Standard cubic centimeters per 
minute 

ipm - Inches per minute 

- Hydrogen alpha emission line at 657 



Ha 



An embodiment of the invention was prepared on 
a pet substrate having a thickness of 0.5 mils The 
organosilicon used was TMDSO. The process condxtions 
selected were: 

Power 460 Watts 

Current 0.97 

voltage 467 

Chamber Pressure 37 microns 

Gas Stream Composition TMDSO (15 SCCM) ; 0 2 (4 5 

SCCM); He (90 SCCM) 
Vaporizer Pressure 200 Torr 
Hydrogen (alpha) to inert gas ratio 0.58 
Line Speed 18 ipm 
The inventive *U> on. this thin, flexible plastic 
Lstrete he- . costing thicfcn.es of less then or about 
2 f 0 A end wee »e.s»red for ,as transmission rates of 
sliohtiy loss than about 0.04 cc/100inVday of oxy,en 
end about 0.0, ,/100inVday of water vapor. The sil con 
oxide filn had a o:Si concentration ratio of about 2.1. 
Tne filn thickness and composition were determined by 
FTIP and/or electron spectroscopy for chemical analysis 

(ESCA) • 
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Gas transmission properties for the Inventive 
films on flexible substrates sre e function of film 
tnicLs. but thiexer films ao not neoessarily previa. 
. ZTr gas transmission properties on tbe -in "ex bis 
substrates. We beve alsooverea there are optimal ranges 
of thiexne.s... a.penain, upon tbe substret. for 
pro vlaing maximal barrier properties. This * 
luustratea by bavin, coatea a 0.5 ml. thicx PET 
10 tub.tr.te «itb varying thicxnessee in .ocroanc .with 
the invention ana then measuring tbe oxygen — - 
properties of each aifferent thl=xn..s. The organo 
sll I=on usea was TMDSO. The films were prepare i a 
manner analogous to Example I. but the auration of the 
15 aeposition was oontro - '/.ts c utTe" i ferL 
aifferent thicknesses. Table I sets out 
thicknesses end the oxygen transmission for eecb. 

Tfble I 

^coating^ 

1969 

1400 0 . 12 



400 



0.04 



25 "J 1.96 



4.14 
7.00 



I, the 



As can be seen by the data of Table 
thin PET film with no coating had an oxygen transmission 
Tt 7 cc/100inVday while a ooating in accordance with 
the invention (but having a thickness of only 16 k) 
reduced this oxygen transmission by about 40% However 
of particular interest is the fact that the *est 
barriers were provided at coating thicknesses of 133 A 
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and (slightly less better) 400 A, while even thicker 
coatings then began to provide less of a barrier to 
oxygen transmissions than the 133-400 A range coatings. 

Accordingly, this data shows that coatings of 
5 the invention, when applied to a flexible material, 
provide thin film vapor barriers with excellent gas 
barrier performance at significantly reduced thicknesses 
than found with the typical inorganic based prior art 
coating. Because these gas barriers can be achieved at 
10 reduced thicknesses, production throughputs can be 
higher and associated costs lower in practicing the 
invention. 

While the invention has been described in 
connection with specific embodiments thereof, it will be 

15 understood that it is capable of further modifications, 
and this application is intended to cover any varia- 
tions, uses or adaptations of the invention following, 
in general, the principles of the invention and 
including such departures from the disclosure as come 

20 within the known or customary practice in the art to 
which the invention pertains and as may be applied to 
the essential features hereinbefore set forth, and as 
fall within the scope of the invention and the limits of 
the appended claims. 
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in ^ l£ f^Uho d of depositing a silicon oxide based 
film with vapor barrier properties comprising: 

providing a gas stream including a volatilized 
organosilicon compound, oxygen, and an inert 

9 establishing a glow discharge plasma derived 

from the gas stream in a previously eva ^ ate * f *^~ e 
Z chamber including a substrate removably positionable 

Z I- thin ..out 100 -1— ~ 

2 The method »s in claim i wherein the inert ges 
oe t,.. aas stream includes helium or argon. 

3 The method e. in claim 1 -herein the organo- 
silicon compound is 1.1.1,1-tetramethyldlsiloxan. hex.- 

Sila2 r e ' The method as in claim 1 wherein the deposited 

predetermined thicxnes. is selected to provide the 
30 silicon oxide layer with a oxygen transmrssion of less 

— r ut r rtr n r; n — * — . T 

prsdetermined thicxness of the silicon oxide layer is 
35 ™? "Co ZXiTZZt-** the suhstrate 
is flexible. 
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9. The method as in claim 8 wherein the substrate 
has a thickness less than about 10 mils, and the layer 
forms a barrier to oxygen transmission therethrough with 
a oxygen transmission of less than about 0.04 
cc/100in 2 /day. 

10. An article comprising: 

a flexible polymer substrate defining a 
S urface and a thin film carried by the surface, the 
polymer surface and thin film together having a 
permeability to oxygen gas therethrough that is less 
about 0.1 cc/l00inVday, the thin film having a 
thickness less than about 1000 A. 

11. The article as in claim 10 wherein the thxn 
film is a substantially inorganic silicon oxide. 

12 The article as in claim 10 or 11 wherein the 
thin film thickness is less than about 600 A. 

13. The article as in claim 11 wherein the thin 
film thickness is between about 100 A to about 400 A and 
th. permeability is less than about 0.04 cc/lOOin /day. 

14. The article as in claim 10 wherein the 
substrate has a thickness of about 1 mil or less. 

15 The article as in claim 14 wherein the 
substrate includes poly ethyleneterephthal ate or 
polycarbonate. 
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